An apparatus is described which can be used for PVT and compressibility measurements on 5upercritical fluids from near room temperature to 600 °C and pressures to 35 MPa. Two separate experimental techniques are employed to obtain PVT data over a broad range of the state surface. Burnett expansions are performed to generate compressibility factor (or equivalently density) data along a well-behaved supercritical isotherm. A series of isochoric measurements is then made to extend the temperature range. Densities assigned to the isochores are determined from their intersection with the previously measured Burnett isotherm or gravimetri~ cally. A computer is used for experimental control and for data logging. Isochoric measurements lasting several days can be performed routinely and without operator attention. The apparatus has been tested on propane to a temperature of 325 ·C. The density data, estimated accurate to ±O.l percent, are in excellent agreement with other existing data.
Introduction
Perhaps the single most important property of any compressible fluid is its PVT behavior. An accurate and precise description of the PVT surface can, in principle, be used to calculate most equilibrium properties. PVT data are also required to analyze experimental data on other quantities and to perform engineering design calculations on fluid handling systems. Wide range PVT data for the many technically important fluids at About the Authors, Paper: G. C. Straty is with the Chemical Engineering Science Division of the NBS National Engineering Laboratory, while A. M. F. Palavra serves with the Centro de Quimca Estrutural, Complexo Interdisciplinar, in Portugal's Instituto Superior Tecnico. The work they report on was carried out for the Department of Energy, Office of Basic Energy Sciences. elevated temperatures are, however, often scarce and in some cases are nonexistent.
We describe here an experimental apparatus that cao be used for PVT determinations on fluids above room temperature. Two separate experimental techniques are used to obtain data over a broad raoge of the state surface (see fig. I ). The well known Burnett [I] ' method of successive gas expansions is used to establish the density behavior for the fluid along a well-behaved supercritical isotherm. The maximum temperature of such mea~ surements is, however, limited by such things as the compatibility of valve packings and the pressure transducer with the elevated temperatures. The measurement of pressure versus temperature along a nearly isochoric path (pseudo-isochores) in a second experiment is then used to extend the temperature range. Densities assigned to the pseudo-isochores can be determined from their intersection witb the previously measured isotherms. ' Figures in brackets indicate literature references and explanatory notes at the end of this paper.
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Principal objectives in the design of the apparatus were: I) the apparatus should be capable of measurements covering a broad temperature and pressure range, 2) the determined densities should be independent of the data accuracy for any calibration fluid, and 3) the apparatus should be automated as much as possible to minimize the necessity for operator attention.
The apparatus is capable of operation from near room temperature to about 600 'C at pressures to over 35 MPa. Densities can be determined by using two completely independent techniques, the Burnett method involving successive fluid expansions J or a gravimetric technique involving only the well known density ofwater used for volume calibration purposes. A small desktop computer is employed for experimental control, data logging, and partial real time data analysis. Measurement runS along isochores taking days to complete can be performed automatically and without operator attention.
Experimental
The experimental apparatuses are illustrated schematically in figure 2. The Burnett system [shown in a) and b) of fig. 2 nal volumes of about 200, 120 and 40 em' allow different volume ratios to be selected. These elements are suspended from a thermally insulated platen which forms the top closure to a thermostated bath used for temperature control. This arrangement is similar to that described previously in detail [2] .
Mixed liquid baths are usually preferred and have traditionally been used for thermostating iu this type of experiment. Because of the elevated temperatures of this work, however, a commercially available oven with vigorous circulation was modified for the purpose. Air is normally used as the convective heat transfer fluid but, for safety reasons, a continuous gas purge (typically nitrogen) is employed for work on flammable samples.
Even though the heat transfer gas is vigorously mixed, snbstantial temperature differences can exist over the oven volume. To minimize these differences, the components are encased in a massive aluminum block [not shown in a) of fig. 2 for clarity]. The typical arrangement is shown in b) of fignre 2. Space is provided aronnd each component to partially decouple it thermally from the block and to permit free flow of the heat transfer gas around the components. This arrangement reduces temperature differences to a few tenths of a degree. Further reduction in temperature differences is accomplished by using very low power shimming heaters located in the air stream above each major component. By means of diaphram type differential pressure transducers, pressures in the Burnett experiment are measured by referencing to oil pressure derived from an oil operated commercial pressure balance with a stated accuracy of 0.015%.
A spherical configuration was chosen for the cells to allow a more accurate calculation of the change in cell volumes with pressure. Each cell was constructed with an identical ratio of outside to inside diameter to provide maximum error cancellation in the calculated volume ratios.
The system employed for the isochoric measurements is illustrated in c) of figure 2. This system consists of a single spherical cell with nominal volume of 120 cm', encased in an aluminum block and suspended from a second insulated platen. To change experiments the Burnett system is simply replaced in the oven by the isochoric system.
Since the isochoric measurements can be made up to the maximum temperature of 600 ·C, it is necessary to locate the valve and the pressure transducer in a less hostile environment. The valve and piping are enclosed in a second oven, maintained at the temperature of the initial Burnett measurements, where the density has already been determined, to allow a more accurate COfrection to be made to the assigned densities along the isochores.
Pressures along the isochores are determined from the vibration frequency of a commercial 0-40 MPa quartz transducer, calibrated frequently against the primary dead weight pressure balance. The transducer is estimated to be accurate to better than 0.05% full scale. The pressure transducer is located outside of the ovens in an enclosure thermostated at 40 ·C.
Volumes of the isochoric cell, piping, valve, and pressure transducer were calibrated by low pressure nitrogen gas expansions from a volume previously calibrated by water weighing. This procedure allows isochore densities to be determined by weighing the sample after a run and provides a completely independent check on the densities determined in the gas expansion mea-
surements.
Temperatures in both experiments are measured by using a platinum resistance thermometer (PR T) calibrated on the IPTS-68 by the National Bureau of Standards. The PRT is used to measure the temperature of the aluminum block. Temperatures of the components are then calculated from the block temperature and from any small temperature differences existing between the block and the components as determined by suitably placed differential thermocouples.
In use, either apparatus is suspended from a supporting structure. A mechanism for manipulating the ovens to enclose the apparatus for an experimental run and to retract them to provide access to the components is provided. For safety reasons, when working with toxic materials, the support structure is enclosed in a manner similar to a ventilation hood and is continuously aspirated by an exhaust fan located on the laboratory roof.
Computer Control and Data Acquisition
A computer was used for both experiment control and data acquisition. The series of Burnett measurements necessarily involved manual valve and pressure balance manipulations. In this case, the computer functions primarily as a thermal controller to bring the various elements of the apparatus into thermal equilibrium at the same temperature. The PR T and thermocouples are interrogated under computer control at a programmed time interval, usually about 30-40 s, using a SCanner of custom design. Scanner relays were purchased commercially and had a claimed thermal EMF of less than 0.02 ,.., V. Potentials are measured with a DVM with nanovolt resolution. Primary thermometry is performed by taking the ratio of the potential across the PR T and the potential across a series connected standard resistance of 50 .0., carrying a current of less than 0.001 A, using a single DVM for the measurement. Two ratio determinations are made for each temperature measurement with current reversed for each. Averaging the two measurements minimizes the errors due to residual thermal EMF and tends to cancel DVM zero offsets. Temperature differences between the various apparatus components, calculated by the computer from the measured differential thermocouple potentials, are used to activate the shimming heaters to bring all elements to the target temperature. In equilibrium, temperature differences are typically maintained to better than ±0.025 ·C at 250 ·C. Since corrections are made for these temperature differences in the data analysis, differences of as much as 0.1 ·C are considered tolerable. Data are logged onto hard copy and cassette tape after equilibrium is achieved, as determined by the operator.
The P-T measurements along pseudo-isochores are performed almost completely under computer control. Only initial filling of the system and subsequent venting or weighing of the sample at the end of a run is required of the operator.
In operation, the computer selects the preprogrammed temperature, sets the oven temperature and then determines the block temperature, cell temperature, and the rate of approach of the cell to the target temperature by interrogating the various thermocouples and the PRT at programmed intervals of about 30-40 s. When the cell temperature is within 0.1 °C of the target temperature, the computer establishes a holding mode where the temperatnre control is continuously refined. Temperatures normally oscillate only a few hundredths of a degree about the target temperature in this mode. After an equilibration time (usually one hour) the data are logged onto hard copy and cassette tape, but only if programmed limits of temperature deviation and temperature and pressure drift rates are satisfied. The experiment is automatically shut down after a preset maximum pressure or temperature is reached. The sample is then manually vented, or it can be condensed into a small cell maintained at liquid nitrogen temperature for subsequent weighing.
Isochoric runs on propane at temperatures up to 325 °C, taking 50-60 h to complete, were carried out completely without operator attention. An automatic dial-up smart MODEM is interfaced with the controlling computer and allows experimental progress to be monitored and controlled by telephone from any remote site using a portable terminal or personal computer. Experiments usually are run continuously including evenings and weekends.
Data Analysis
The usual Burnett experiment involves the expansion of the sample gas from an initial volume VI into a second evacuated volume V,. Pressures before and after the expansion are measured. After isolation of VI and evacuation of V" the process is repeated successively to low pressure. For any particular expansion. (1) where P=pressure, Z = ~T' p=density and V+V p N'=T' It is assumed here that the temperatures of VI and V, are constant and identical and it is recognized that the volume ratio Ni is slightly pressure dependent.
A number of ways to analyze such data have been suggested [4] [5] [6] . One common way is to express the compressibility factor Z as some function of pressure
Least squares analysis can be applied to the experimental data using eq (1) to determine the volume ratio No at zero pressure and the parameters of F(P). If F(P) is a virial equation the determined parameters can be identified with the virial coefficients provided that the range of the data falls within the region where the virial equation is valid and the proper number of terms have been retained in the virial series. Considerable attention has been devoted to the problem of how to determine the proper number of terms to retain in the virial expansion [4] [5] [6] . The object of this work, however, is to obtain densities. We avoid the problem of the virial coefficients and use F(P) only as a fitting function. The method can usually be used with data up to a maximum pressure corresponding to a density somewhat less than the critical density. Densities for higher pressure points can be obtained from the lower pressure data using the cell constant since
Even though it is possible to obtain the cell constant No from a single fit to the experimental data, it is common, and often more accurate, to obtain it from a separate calibration experiment using a highly ideal fluid, usually helium. Extrapolation of the pressure ratio P i / P,+ I to zero pressure yields the volume ratio directly since Z is identically one at zero pressure. A major advantage of the Burnett technique is that it is not necessary to do extensive, individual volume calibrations on the system, since only the volume ratio, which can be obtained from the expansion data, is required for data analysis.
For this work, the analysis is complicated by the fact that small temperature differences are allowed to exist between the volume elements composing the system. Equation (1) becomes (4) where the system is now considered to consist of n volume elements which include the primary volumes VI and V, plus the volumes of connecting piping, valves and pressure transducer all at slightly different temperatures. The particular volume element is identified by the second subscript while the first SUbscript indicates the particular expansion as before. In general it is no longer sufficient for accurate data analysis to know only the cell constant No; the magnitude of all volume elements must also be known individually as well as certain density derivatives of the state surface.
For this analysis, the concept of a cell constant is retained but now 
yields the working equation which was used, together with eq (2) in the analysis of the lower pressure Burnett data. Densities at the higher pressures in the Burnett measurements are obtained from the lower pressure densities of that run using the analogue of eq (3), which for this apparatus becomes (16) where N; is an effective volume ratio given by (17)
Data for Propane
Numerous PVT data for propane up to 325 °C have been published. To verify the performance of the apparatus and to confirm the accuracy of the data analysis, limited measurements on propane to 325 °C have been made and have been compared with the literature values. Propane samples were research grade certified to be of 99.99% purity.
The two largest cell volumes were used for the expansions. Four expansion runs at 250 °C using helium were first made from a maximum pressure of about 5 MPa to a minimum pressure of about 0.13 MPa in order to derive the cell constant No. A value ofN o = 1.60702±.OOOI resulted from the analysis of pressure ratios using eq (8) and this value was used in the propane analysis.
Three expansions runs on propane at 250 °C, consis-ting of a total of 30 pressure observations, were made [7] . Pressures ranged from a maximum of abont 35 MPa, corresponding to a density of about 1.6 times the critical density, to a minimum of about 0.14 MPa. The data are separated into two groups for analysis. At lower pressures, corresponding to densities less than the critical density, the data from all runs could be analyzed simultaneously using an expression for the compressibility Z in terms of pressure [8] . Since it is the nature of Burnett experiments to concentrate the data at the lower pressures, only the highest pressure point on each run could not be handled in this manner.
For data below 17 MPa the compressibility factor Z . 
where P o = 17 MPa and was used with eq (IS) for fitting purposes. Data were fitted, in the sense of least squares, by minimization of the difference between the left and right sides of eq (15). For pressures below 1.3 MPa, differences were weighted by P-' to reflect the decreasing relative accuracy of the pressure balance at the lower pressures [8] . Other data were assigned a weight of I. However, the results of the fit were insensitive to the weighting. For simplicity, derivatives appearing in the small correction terms of eq (15) were evaluated from a recently formulated correlation of propane data [9] . In the absence of derivative data, however, an interative procedure can be used with equally good results. In this case a best estimate of the derivatives, based on a corresponding states approach, for example, could be used, or the correction terms could be ignored in first approximation. At the completion of the experiments, when the isochoric data are available, the derivatives can be estimated and successive iterations performed. Coefficients for eq (18) are shown in It must be emphasized that eq (18) is simply a fitting function, and its coefficients cannot be identified with the virial coefficients, although the coefficient of the Coefficients of equation (18) .
9. 14412474575E-03 B, = 4.22392090629E-02 Densities for the highest pressures on each of the three runs were calculated from the next lower density of that run using eq (16).
Pressure measurements were made as a function of temperature at fixed total amounts of fluid using the isochoric system to extend the temperature range. Pressures were measured along 10 pseudo-isochores covering a density range of 1.7 to 7.7 mol/dm'. Observations were made at 10 °C intervals up to ISO OC and at 25 °C intervals up to 325 °C and to a maximum pressure of about 34 MPa. For isochores intersecting the 250 °C isotherm below 8.5 MPa the densities assigned to the pseudo-isochores were calculated from the intersection pressures using eq (18).
Since the data are concentrated at the lower pressures, the density data above 8.5 MPa were too widely spaced to permit accurate interpolation. To fill in these gaps several isochoric runs were terminated by condensing the samples into a cell held at liquid nitrogen temperature for the purpose of weighing. Sample weights were determined to better than ±0.0l gram and densities at 250°C were calculated using the volume calibration data for the isochoric system. Uncertainty in densities determined gravimetrically is estimated at better than ±O.I % due primarily to the uncertainty in volume calibrations. These densities are tabulated in table 2 along with the Burnett densities. Densities for pressures above 8.5 MPa, determined by both the Burnett and gravimetric methods, were used in a polynominal fit of pressure versus density, which in general represented the densities to better than 0.05%. This function was used to calculate the densities assigned to the pseudoisochores intersecting the 250°C isotherm above 8.5 MPa. 
In calculating the densities along the pseudoisochores, corrections were made for fluid residing in the piping, valve, and the pressure transducer as weIl as for the effects of thermal expansion and pressure dilation of the ceIl. Data along the pseudo-isochores are presented in table 3.
Density data along several isotherms are compared with the literature data [11] [12] [13] [14] in figure 3. Density deviations are plotted relative to an equation of state for propane [9] used as a baseline. This was done to eliminate the need for mUltiple interpolations when comparing data at slightly different temperatures. Absolute deviations in figure 3 reflect only the ability of the equation of state to reproduce the experimental data. Excellent agreement between data sets is indicated, however, by the fact that all the experimental data lie in a band of about ±O.l % which is weIl within the combined experimental errors. The exceIlent agreement between closely spaced densities along the 250 °C isotherm obtained in the Burnett measurements, the gravimetric measurements and from the literature data verify the performance of the experimental apparatus and confirm an estimated accuracy of about ±0.1 % for the Burnett data.
[3] Only general operating characteristics are discussed. DENSITY, mollL
